Diffusion and transportation of the radioactive airborne pollutants: Challenges and progresses
Hanqing Wang 1 , Hui Zhu 1,3 and Chuck Yu 1, 2 Background As a source of clean energy, the international community and particularly the government in China has been increasingly focusing attention on the exploration and structural adjustments necessary for the use of nuclear energy. Currently, there are 448 nuclear plants in total around the world. 1 The nuclear power accounts approximately 10.8% of the total annual power production. 2 Among that, 37 nuclear plants are located in China. These nuclear power stations provide 3.56% of the total power in China. 3 As the development of the nuclear power plants for energy production has become more tangible and pertinent, the diffusion and transportation of the radioactive airborne pollutants that could be discharged from power plants could become a critical problem for people living near and around the power plant site. The possibility of emissions of airborne radioactive particles from a nuclear power plant that could be resulted from a nuclear power plant accident or emergencies would be a real concern to residents in the region.
Radioactive airborne emissions may be detected in the outdoor environment of the nuclear power plants, which could bring about a great threat to the ecosystem and human health. The diffusion and transportation of radioactive airborne pollutants are quite complicated due to multifactorial effects, including the physical and chemical properties of radioactive pollutants themselves, the characteristic of the underlying surface (the topographic features, building distributions, surface roughness) and the climatic condition (the atmospheric stability, air movement, dry and wet deposition). 4, 5 As a result, the study of the diffusion of radioactive airborne pollutants is critical, in order to effectively evaluate the environment and human health risks related to the possible emissions from a nuclear power plant and to provide appropriate basis for the decision-making in nuclear emergencies.
Diffusion and transportation of the radioactive airborne pollutants have been studied in recent years. However, these studies were found to be not systematic enough. Techniques used for these studies include numerical simulations and wind tunnel experimentations, and these had produced some deviations in results when effects of atmospheric temperature stratification, 6 underlying surface 7 and pollutants properties 8 were considered. So, some improvements to these studies are necessary to provide a more comprehensive approach to fully understand the dynamic behaviour of these airborne radioactive pollutants in dispersion and diffusion in atmosphere. For example, Marucci et al. 9 found that the Richardson Number was one of the most critical parameters during the design of the wind tunnel experiments. Inappropriate treatment of the Richardson Number would usually result in huge differences in the boundary conditions, as well as providing erroneous features of the flow field and temperature distributions.
In addition, coupling control of the air speed and temperature in a wind tunnel is still not sophisticated enough, which makes the synchronous control of mean air velocity profile, turbulence intensity profile and the temperature profile rather difficult during experiments. 10 Yassin 11 pointed out that the temperature stratification and the thermal environment of the underlying surface were hard to realize in experiments in the wind tunnel.
The numerical simulation of airborne radioactive pollutants has also been carried out for years. Business software packages such as CALPUFF, AERMOD (AMS/EPA Regulatory Model) and ADMS (Atmospheric Dispersion Modelling System) have been put into use since 1990s. Unfortunately, they have been found not applicable to China due to different varieties of geographical and climatic conditions of China in comparison to the USA. In the meantime, however, similar software have been developed in China, but these still need a few improvements to evaluate the environment around the nuclear power plant precisely, and to simulate the whole process of the diffusion, dispersion and transportation of radioactive airborne pollutants. As a result, the development of a numerical model or numerical wind tunnel that can precisely simulate the diffusion and transportation of radioactive airborne pollutants for different regions and scales is urgently needed.
Challenges and latest progress
The study on the diffusion and transportation of radioactive airborne pollutants is challenging because of the impact of different factors such as climate conditions and inadequacies of techniques, such as the realization of temperature stratification conditions. We have focused on several difficulties in the research, including the experimental techniques, experiments and the numerical simulations since late 2018. [12] [13] [14] [15] A series of difficulties have been well addressed by our research at our laboratory.
Improvements of the wind tunnel considering the temperature stratification condition
The use of wind tunnel is one kind of small-scale experimental technique. Consequently, the similarity criteria are important. So, first of all, we have focused on the study on the similarity criteria that consists of three aspects in wind tunnel experiments.
In order to realize the similarity in flow characteristics of the atmospheric boundary layer, we firstly studied the flow and thermal similarities, as well as the applicability of these critical non-dimensionless parameters under different scales, including the Reynolds number, the Rossby number, the Prandtl number, the Eckert number and the Richardson number, for the purpose of acquiring a theoretical basis for the improvement of the wind tunnel. Then, in order to realize the similarity in boundary conditions and sources of pollutants, the flow characteristic and the diffusion of airborne pollutants were scrutinized considering the characteristic of the underlying surface.
The applicability of these critical non-dimensionless parameters was also analysed.
The second aspect mainly focused on the coupling control of the turbulence intensity and thermal conditions of the incoming air flowing into the wind tunnel. Firstly, we studied the matching relationship among air velocities, heat transfer temperature differences and heat transfer surfaces of the single heat transfer layer. Then, the effect of the distance, temperature gradients, roughness, layout and size of heat transfer layers on turbulence profiles and temperature profiles were studied using both numerical and experimental methods. Finally, the automatic acquisition, data feedback and coupling control of the air temperature and velocity were also investigated.
The last aspect focusses on the techniques required for the realization of the thermal environment of the underlying surface. This would be a big challenge due to the analysis and modelling of different underling surfaces needed. We are still working on that at present. Different underlying surfaces will be considered fully, including city, mountain, lake, sea and so on.
Experimental studies on the diffusion and transportation of the radioactive airborne pollutants
Based on the results derived from above, we completed the experimental design, as well as the measurement and monitoring schemes for the wind tunnel experiment, considering three temperature stratification conditions, including: steady, unsteady and thermal internal boundary layer. We studied the diffusion and transportation of radioactive airborne pollutants under stable and unstable atmospheric conditions, respectively.
As for the diffusion and transportation of radioactive airborne pollutants under steady atmospheric condition, we have developed some small-scale experimental models and install them in the wind tunnel. Then, the effect of atmospheric parameters (including the flow direction, velocity profile, temperature profile, turbulence intensity profile) and underlying surface (roughness, temperature) on the turbulence intensity profile, velocity profile and temperature profile of the air around the nuclear power plant would be studied. Thereafter, the effect of atmospheric parameters, characteristics of underlying surfaces, characteristics of pollutant sources on diffusion behaviours of airborne pollutants (including the concentration and the range) would be scrutinized under different temperature stratification conditions in the wind tunnel.
As for the study under unsteady (or dynamic) condition, we will conduct research on the diffusion and transportation characteristics of the radioactive airborne pollutants, and we will also pay much attention to the multiple flow patterns of the radioactive airborne pollutants induced by the turbulence and thermal effects of the incoming airflow. Based on that, we will create several thermal conditions in the underlying surfaces. We will scrutinize carefully the multiple airflow pattern of the radioactive airborne pollutant due to changes in the air temperature, to provide a comprehensive view of the diffusion behaviour of the radiative airborne pollutant.
Numerical simulation of the diffusion and transportation of the radioactive airborne pollutants
The objective of the research in this part is to establish a numerical wind tunnel that considers multiple factors, scales, phases and models. Using this numerical wind tunnel, we can simulate the diffusion and transportation behaviours of the radioactive airborne pollutant precisely, and we can also evaluate the environment around the nuclear power plant more appropriately.
The project is complicated by the fact that we have to consider simultaneously several factors. For example, the gravity force, the Coriolis force and the pressure gradient force will have to be included in the numerical wind tunnel simulation consideration. There is also a need to include a consideration of different conditions of the atmosphere, such as wet deposition, dry deposition and also the temperature stratification. In addition, the underlying condition should also be considered, such as the heat island effect of the city. The ingress of radiative pollutants into residents' dwellings via ventilation would be an important consideration for environmental risk assessment. 16 Besides, the scale that ranges from 2 km to 3000 km radius or more from the power station is another important factor. Due to differences in scales, we have to choose the appropriate models to simulate the flow of pollutants corresponding to different scales, including the Gauss model, Lagrange model, Euler model, as well as Monte-Carlo method.
After the establishment of the numerical wind tunnel, experimental validation will be conducted to compare with experimental results obtained from the wind tunnel experiment. The correction on numerical wind tunnel should also be carried out. Finally, the diffusion and transportation of the radioactive airborne pollutant will be simulated and analysed, considering all factors already described. The concentration and range of pollutants around the nuclear power plant will also be obtained, which should provide a basis for the environmental risk evaluation for the power plant.
Potential achievements
We have introduced the studies that have been done and will be carried out. So, what can we achieve through these research? Firstly, the elucidation of the mechanism of the diffusion and transportation of radioactive airborne pollutants would be an important achievement. The environmental evaluation of the nuclear power plants is of great importance to ensure that risks are minimized for nearby residents and ecohabitats of other living species, also to minimize contamination to crops and food production, as well as to reduce undue radiative exposure of workers in the power plant.
What's more, a sophisticated experimental technique of the wind tunnel will be put forward, which would consider many factors listed above, including different forces, climate conditions, underlying surfaces, models, scales. The technique would thus enable the coupling control of the temperature profile, velocity profile and the turbulence profile of the incoming airflow of the wind tunnel.
Finally, the most significant achievement would be our development of the numerical wind tunnel for simulation based on the open access platform OpenFoam. The numerical wind tunnel would allow a simultaneous consideration of multiple factors and is expected to provide accurate prediction of concentrations and ranges of pollutants. The numerical wind tunnel simulation would also enable analysis of diffusion and transportation behaviours of radioactive airborne pollutants.
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